SUMMARY
INTRODUCTION
Cell-cell interaction during development and in adult tissue is largely mediated by four major protein families of cell adhesion molecules (CAMs), i.e. integrins, the Ig-superfamily, selectins and cadherins (for review see Hynes and Lander, 1992) . Cadherins comprise the group of Ca2+-dependent CAMs that exhibit their adhesive function only in the presence of Ca2+ and that show a remarkable Ca2+-dependent resistance against proteolytic degradation.
The classical cadherins E-(uvomorulin), N-, P-cadherin and L-CAM have been identified in a functional cell adhe sion assay in different cell types (Takeichi, 1988; Kemler et al., 1989) . Subsequent molecular cloning and compari son of the primary structure revealed that these proteins are highly homologous. Many new members of the cadherin gene family have recently been identified by structural homology (Kemler, 1992) . Although involvement in cell cell interaction has not been demonstrated in all cases, some of these new cadherins are likely to exhibit important bio logical functions.
Cadherins are cell surface glycoproteins with a single transmembrane domain. Trypsin digestion in the presence of Ca2+ releases the extracellular portion of cadherins as a soluble, stable fragment (gp84).The extracellular part of the proteins is largely composed of three repeating domains with internal homology of about 25-30% at the amino acid level (Ringwald et al., 1987) . Remarkably, these individual domains are much more strongly con served between different cadherins, with the most aminoterminal domain exhibiting the highest degree of homol ogy (about 70%). Each of the cadherin domains contains two characteristic motifs for Ca2+-binding, which are located at similar positions in all domains. Secondary structure analysis predicts a loop structure for these motifs. Site-directed mutagenesis in one Ca2+-binding motif demonstrated that the motifs represent structural requirements for the adhesive function o f cadherins . It is generally accepted that cad herins interact in a homophilic manner although the mol ecular mechanism of this interaction is not completely understood. In order to study the homophilic interaction of cadherins and the role of Ca2+ for cadherin structure and function we have expressed the extracellular region of E-cadherin in insect cells using the baculovirus expression vector system. 
MATERIALS AND METHODS

Baculovirus expression system
Antibodies
Rat monoclonal antibodies DE-1 (Hyafil et al., 1981) and DECMA-1 (Vestweber and Kemler, 1985) were raised against the tryptic fragment o f mouse E-cadherin (gp84), as was the poly clonal rabbit antiserum anti-gp84 (Vestweber and Kemler, 1984a) . Anti-UM/P are polyclonal rabbit antibodies directed against the precursor portion o f mouse E-cadherin ). Anti-r-gp84 was produced in rabbits by s.c. and i.m. injec tions o f recombinant E-cadherin (30 |0.g mixed with complete Fre und's adjuvant for the first and incomplete adjuvant for all sub sequent immunizations).
Cell culture and virus infection
Sfl58 cells were cultured at 27°C as monolayers or in suspension in TC-100 medium (Gibco) with 10% heat-inactivated fetal calf serum (FCS) (Summers and Smith, 1987) . Viral infections were done using a multiplicity o f infection (m.o.i.) of 1 for propaga tion of virus and a m.o.i. o f 10 for production o f recombinant pro tein (Summers and Smith, 1987) . Mouse teratocarcinoma cells PCC4a-zal (Nicholas et al., 1975) were grown in Dulbecco's mod ified Eagle's medium (DMEM) (Gibco), 15% FCS, in a 10% CO2 atmosphere at 37°C.
Construction of a baculovirus transfer vector and generation of a recombinant baculovirus
Standard recombinant DNA techniques were used (Sambrook et al., 1989 ). A B glil-H indlll cDNA clone encoding full-length mouse E-cadherin in pBluescript was cleaved with BsiEN and HindlU to remove the coding sequences for the cytoplasmic domain, the transmembrane domain and 30 amino acid residues o f the membrane proximal part of the extracellular region (numbering is according to Ringwald et al., 1987) . The plasmid was ligated with a double-stranded synthetic oligonu cleotide encoding the extracellular amino acids 3' o f the BstED site, which terminates with codon 543, coding for lysine, and was followed by a stop codon and an artificial B gtll and HindUI site. This plasmid encoded the entire extracellular part o f E-cadherin (including signal and propeptide) and was cloned as a BgUl frag ment into the BamHl site o f the baculovirus transfer vector pAc373. The final transfer plasmid pAcUm84 contained the Ecadherin start signal for translation and had a 5' nontranslated leader sequence of 27 nucleotides, which is not present in the orig inal polyhedrin gene.
For the generation o f recombinant baculovirus, S fl5 8 cells were cotransfected with circular plasmid pAcUm84 and wild-type AcNPV DNA using the calcium phosphate precipitation technique (Summers and Smith, 1987 ; Method I). Culture medium contain ing wild-type and recombinant extracellular virions as collected after 7 days and 6000 p.f.u. were screened for recombinants by dot blot hybridization according to Pen et al. (1989) using the BgUl fragment o f pBsUm84 as a probe. Since recombinant viruses turned out to be contaminated by wild-type viruses E-cadherinpositive isolates were additionally subjected to plaque-purification (Summers and Smith, 1987 
Characterization of recombinant protein
Production and purification of r-gp84
For large-scale production o f recombinant E-cadherin 2 x l0 10 S fl5 8 cells were infected with AcNPV/Um 84-l (m.o.i.=10) and the culture medium (10 1) o f cells grown in serum-free medium was harvested at 72 hours p.i. Extracellular virions were removed by ultrafiltration using the Minitan Acrylglas-Ultrafiltration System (Millipore), with filters o f an exclusion size of 300 kDa (PTMK 300,000 NMGG). The filtrate was concentrated to 100 ml using the same system, with filters o f an exclusion size o f 30 kDa (PTTK 30,000 NMGG). The concentrate was adjusted to 2 mM CaCb and incubated for 2 hours at 37°C with 0.1% (w/v) trypsin (Sigma, Type XI). After extensive ultrafiltration as described above (30 kDa membranes) in 20 mM Tris-HCl, pH 7.5, con taining 2 mM CaCh (TC-buffer) to remove large amount of trypsin, the material was extensively dialyzed against TC-buffer. The material was applied to a 20 ml TC-equilibrated TSK DEAE-650(S) column (Merck, FPLC, flow rate: 3 ml/min 120 ml, linear gradient o f 0 to 0.5 M NaCl in TC). Peak fractions containing rgp84 were identified by immunoblotting with anti-E-cadherin anti bodies and peak fractions were concentrated in Amicon micro concentrators (30 kDa) to a final volume o f 1 ml. Concentrated r-gp84 was subjected to gel filtration on a HiLoad 26/60 Superdex 200 prep grade column (Pharmacia) by FPLC (TC-buffer con taining 200 mM NaCl, flow rate: 1 ml/min). The r-gp84-containing fractions (although homogeneously purified) still exhibited residual trypsin activity. Therefore, the material was treated twice with 1 ml of carrier-fixed (X2-macroglobulin (Boehringer) equili brated with 20 mM Tris-HCl, pH 8.2, containing 2 mM CaCh plus 200 mM NaCl. Purification steps were quantified using the BCA Protein Assay (Pierce) and analyzed qualitatively by SDS-PAGE analysis and silver staining according to Blum et al. (1987) .
Cell adhesion assays
Ca2+-dependent cell aggregation assays ) and cell decompaction assays (Vestweber and Kemler, 1984a) were per-formed using the embryonal carcinoma cell line, PCC4azal. Mouse preimplantation embryos at the early 8-cell stage were collected from superovulated NMRI females, freed of their zona pellucida and cultured in M6 medium as described (Hogan et al., 1986) .
RESULTS
Generation of recombinant baculovirus
The extracellular part o f mature E-cadherin contains 42 pos sible trypsin cleavage sites (trypsin cleaves carboxy-term inal o f lysine and arginine). The exact trypsin cleavage site that generates the gp84 fragm ent from w ild-type E-cadherin is not known. Therefore a cD N A was constructed that ended 3 ' o f position 545 (Lys), encoding a protein that includes the last possible trypsin cleavage site close to the predicted trans m em brane domain. The cD N A construct encoding the signal peptide, the precursor region and the extracellular part o f the m ature protein was cloned in the baculovirus transfer vector pAc373 and subsequently introduced into the genom e o f the A utographa californica nuclear polyhedrosis virus (AcNPV) to generate the recom binant virus A cN PV /U m 84-l by hom ologous recom bination. Site-directed insertion was con firmed by Southern blot analysis (not shown).
Expression of recombinant protein
It was expected that recom binant baculovirus A cN P V /U m 84-l generates a protein that is secreted into th e culture m edium o f infected cells. C ulture m edium o f metabolically labeled S fl5 8 cells that were either m ock infected or infected w ith w ild-type A cN PV or A cN P V /U m 84-l virus w ere subjected to SD S-PA G E and radio-fluorography. A cN P V /U m 84-l -infected cells specifically expressed two proteins w ith apparent m olecular m asses o f 100 and 80 kD a (Fig. 1, M edium ) . These proteins were recognized by anti-E -cadherin antibodies in im m unoprécipitation (Fig. 1, IP) and im m unoblot experim ents (Fig. 1, IB) . Culture m edium o f uninfected Sf 158 cells and cells infected with w ild-type baculovirus w ere negative in these experim ents (not shown). As show n below (see Fig. 4 ), the 100 kD a protein corre sponds to the precursor o f E-cadherin and the 80 kD a pro tein to the processed recom binant form. These results indi cate that a substantial am ount o f recom binant protein is secreted in its unprocessed form.
Synthesis o f both proteins started around 24 hours p.i. and reached the highest level at about 48 hours p.i. (Fig.  2) Fig. 3B , about 50% o f the recom binant protein was found to be secreted. E stim ating from C oom assie Blue-stained gels this am ount corresponds to 40 mg protein per 2 x l0 9 infected cells grown in the presence o f FCS (Fig. 3A) .
Immunochemical characterization of recombinant proteins
The secreted recom binant proteins w ere tested in im m uno précipitation experim ents w ith different anti-E-cadherin antibodies, i.e. rat m onoclonal antibody DE-1 and D ECM A -1, rabbit anti-precursor peptide (anti-U m /P) and rabbit anti w ild-type gp84 (anti-gp84). DE-1 and DECM A-1 reacted with both the 100 kD a and the 80 kD a protein, as did antigp84 (Fig. 4, left panel) . H ow ever, antibodies against (Fig. 4, right panel) , D E-1, DECM A-1 and anti-gp84 antibodies im m unoprecipitated only the 80 kD a protein that has accum ulated at the expense o f the 100 kD a protein. This protein w as no longer recog nized by antibodies against the precursor peptide. These results dem onstrate that the 100 kD a protein contains the precursor polypeptide o f E-cadherin and that the 80 kD a protein represents the processed form. T hey also dem on strate that the precursor is converted to m ature protein by trypsin and that recom binant protein is resistant to further trypsin cleavage in the presence of Ca2+. T he 100 kD a pro tein was designated r-gp84/P and the 80 kD a protein r-gp84 (r, recom binant).
To ascertain w hether trypsin correctly rem oves the pre cursor peptide, w hich is a prerequisite for E -cadherin func tion (O zaw a et al. residues away, if used, w ould result in a different elec trophoretic m obility). K ornfeld and K ornfeld, 1985) . Processing in insect cells occurs only to the trim annosyl core oligosaccharide, M an3G lcN A c2 (H sieh and Robbins, 1984) . Term inal g ly cosylation by the addition o f galactose, fucose and sialic acids is absent (B utters and H ughes, 1981; . Since w ild-type E -cadherin harbors four consensus sequences fo r asparagine-dependent glycosylation (R ing w ald et al., 1987), w ild-type and recom binant E -cadherin w ere com pared from cells grow n in the presence or absence o f tunicam ycin (Fig. 5) . Recom binant E -cadherin appears not to be glycosylated to the sam e extent as m ouse E -cad herin, since the tw o fragm ents m igrated w ith different elec trophoretic m obilities. H ow ever, after trypsin treatm ent of cells, the resultant native and recom binant gp84 m igrated w ith the same electrophoretic mobility, indicating that the protein backbones o f recom binant E -cadherin and the try p tic fragm ent generated from w ild-type E -cadherin are iden tical (Fig. 5) .
Glycosylation of recombinant E-cadherin
Antibodies against r-gp84
R abbits w ere im m unized w ith purified recom binant protein. W hen tested in im m unoprécipitation experim ents, anti-rgp84 serum precipitated the know n E-cadherin-catenin com plex and specifically stained E-cadherin in com plexes collected w ith anti-gp84 antibodies (Fig. 6) . A lso, anti-rgp84 reacted w ith E -cadherin from different species in im m unoblot experim ents (not shown).
Large-scale production and purification of recombinant protein
T o facilitate the purification o f recom binant protein, infected cells w ere grow n in FC S-free m edium , w hich reduced protein synthesis by about 50% . C ulture m edium from 2 x l 0 10 S f 158 cells infected w ith A cN P V /U m 84-l (72 hours p.i.) w as cleared o f extracellular virus particles, co n centrated and treated w ith trypsin in the presence o f C a2+ (see M aterials and M ethods). Trypsin treatm ent resulted in the cleavage o f the precursor peptide, w hile digesting pro tein contam inants not protected by Ca2+. The material was fractionated by a com bination o f anion exchange chro m atography on a D E A E -m atrix colum n and gel filtration on a SuperdexTM 200 colum n using FPLC. T he respective chrom atogram s and the analysis o f protein fractions by SD S-PA G E are given in Figs 7 and 8. In Fig. 9 a sum m ary o f the different steps o f the purification procedure is pre sented. W ith these purification procedures about 20 mg of purified r-gp84 w as recovered.
Cell adhesion assays
T he em bryonal carcinom a cell line P C C 4azal grow s as aggregates in tissue culture and has frequently been used to study E -cadherin-m ediated cell adhesion. Purified r-gp84 (25 pM to 2.5 m M ) w as added to cells to test w hether recom binant protein can interfere w ith E -cadherin-m ediated cell adhesion. M onoclonal antibody D E C M A -1 was included as a positive control. Recom binant protein had no decom pacting activity on preform ed cell aggregates and did not inhibit cell aggregation in cell adhesion assays (not Immunoprécipitation: metabolically labeled PCC4 cells were immunoprecipitated with preimmune serum, antiserum against recombinant E-cadherin or affinity-purified anti-mouse gp84 antibodies. Immunoblot: immunocomplexes collected with anti-rgp84 and anti-gp84 were blotted and reciprocally cross-stained with the same antibodies in immunoblots. Culture medium (10 l) from 2 x l0 10 AcNPV /U m 84-l-infected S fl5 8 cells were ultrafiltrated, trypsin treated and concentrated to 100 ml as described in Materials and Methods. The concentrate was applied to a 20 ml Fractogel DEAE TSK-650(S) column at a flow rate o f 3 ml/min and eluted with a linear 120 ml gradient of 0 to 0.5 M NaCl in TC-buffer. Fractions containing r-gp84 were identified by immunoblot analysis with antibodies against Ecadherin (inset, arrowhead, r-gp84). r-gp84 elutes between 100 mM and 165 mM NaCl. Fractions 31-34 were pooled (6 ml) and concentrated to 1 ml.
Elution Volume (ml) Fig. 8 . Purification of r-gp84. Gel filtration. The pooled r-gp84 fractions from Fig. 7 were applied to a HiLoad Superdex 200 prep grade column (flow rate, 1 ml/min; fraction size, 2.3 ml). The fractionation of r-gp84 was monitored by immunoblots as described for Fig. 7 . rgp84 eluted as a broad peak with an apparent molecular mass of 165 kDa. The column was standardized with globular standard proteins (Pharmacia); standards and their elution peaks are indicated.
shown). In another series o f experim ents the possible inhibitory effect o f r-gp84 w as tested during the com paction process o f m ouse preim plantation em bryos. A gain, r-gp84 exhibited no effect on the com paction o f the m orula and em bryos grow n in the presence o f r-gp84 developed to blas tocysts (not shown).
DISCUSSION
The baculovirus expression system has successfully been used to express large am ounts o f m am m alian proteins (e.g. see M iller, 1993 
